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ABSTRACT 

The prenent status of electroneak gauge interactions, meaanred in flavor-conserving fermionic prw 
cesscs, is discussed. The Standard Model gauge structure SU(2)r, x U(l),, has now been tested, with 
the advent of the LEP experiments, to a few tenths of a percent, including the effect of radiative 
corrections. A npecid feature of electroneak gauge theory, the non-decoupling of heavy virtual states 
with weak quantum numbers, is now highly constrained by the data, placing serious restrictions on 
the types and extent of non-Standard aectom heavier than the 2 boson. 
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1. ELECTROWEAK STANDARD MODEL [1] 

The Standard Model of electrorcak gauge interactions, developed by Glashon, Salam, and Wein- 
berg in the 1960’s and for which they received the Nobel prise (21, has now withstood ita most 
stringent tats yet without failing. Baaed on the non-Abelian gauge group SU(2)‘ x V(l)= -weak 
left iaonpin mated to weak hypercharge - thin theory incorporatea the highly successful quantum 
elcctrodynamiu (31, with the gauge subgroup of electric charge U(l)q, is unitary and renonnalis- 
able, and reproducea I& known weak neutral- and charged-current phenomenology to a fraction of 
a percent [4]. Here, I report cm the atatlu of thin theory, concentrating on the flavor-conserving, 
four-fermion, CP-conserving gang= exchange sector.’ 

The gauge sector of the electroweak Standard Model is characterized by three (or four, de- 
pending 011 usumptiom about the symmetry breaking) parameters. The theory, based on a product 
group of Lie algebras, haa two independent gauge couplings, the SU(2)& g and the V(l)y g’. These 
M mudly expressed in terms of the proton’s electric charge e : l/e’ = l/g’ + l/g” = 1/4ra, 
and the weak mixing angle tanb = d/g. The third parameter sets the mau aale for the theory, 
the Biggs vaanm expectation value t. The Higgs sector is (L collection of scalar fields (at least -- 

‘I the&ore i 
in these 

ore flavor-changing neutral currenta and CP violation, mbjects treated elsewhere 
pmcee c&s. 
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one) that acquire non-scro vacuum condensates and thereby spontaneously break the M gange 
symmetry down to U(l)* [S]. This quantity is usually quoted in turm of the Fermi weak con- 
stant G,, = l/&va, when D = 246 GeV. A possible fourth parsmeter ir the P of Veltman, which 
character&a the vacuum structure. In the Minimal Vacuum Standard Model (MVSM), the Eiggs 
sector c,ont&s only weak doublets, and p = 1 automatically. If we relax this requirement and allow 
non-doublets in the vacmun, then p is arbitrary and must be experimcntdly measured. I call this 
case the Extended Vacuum Standard Model (EVSM). These three (or four) numben are sntlicient 
to apccify the eleetroweak gauge interactions completely at tree level. 

The tm approximation h adequate to predict electrowe& interactions to about the percent 
level. The theory contains three basic types of gauge interaction: the parity-consening, long- 
range electromagnetic neutral and messless photon; and the massive, short-range weak natrd- and 
charge&cnmnt Z and W bowns. The charged-current W couples to ordinary fermias &ely by 
left-handed currents and is responsible for the familiax low-energy weak bets decay. The nentrd- 
current Z coupling to ordinsry fermiolu is also parity-violating, with ntnngth contzdled by the 
weak mixing sin&. A paradigmatic low-energy Z exchange process in nentral-cumnt nevWino 
scattering. The electromagnetic and weak couplings of the fen&m have been meamred to nearly 
exact mivendity, by experiments ranging from very low energica to W and Z production at the 
LEP, SLC, and Tentron colliders. This is now the thoroughly lnveatigated “low-energy” world of 
fool-fermion processes, beyond which lies the unexplored realm of the very high-energy colliders, 
HERA, LEPZOO, LHC, SSC, and possibly others. What might we tlnd there? 

Two minimally necessary pieces of the Standard Model still nmliscorered are the Higw bosom(s) 
and the top quark. Recall that a Higga sector is needed to break the electrower& gauge symmetry. 
The minimd Standard Model contains one complex doublet, with four degrees of freedom; three are 
would-be Goldstone bosom disguised a~ the longitmiind W* snd Z” degrees of freedom, leaving 
me physical Higgs boson, a neutral ncak, isoscdar. At least this one state in required to p-e 
the mitarity and renormdissbiity of the theory [4]. The Higgs mau is proportional to the vacarn 
expectation value, the proportionality constant being an unknown Riggs four-point self-coupling. If 
the Higgs L light to moderately heavy (less than about 600 GeV), it is said to be weakly eonpled, 
physicd, or linear, with (L decay width modest compared to its mass. lf the Higgs is heavy (more than 
800 GcV), then the self-coupling ia large, and the Higgs sector is called rtmnglp coupled, unphykcd, 
or nonlinear, because the decay widths are typically so large that oncpexticle statea lole distinct 
meaning. The Higgs boson in that case becomes analogous to the elusive hadronie o resmmce. 
Lattice simdations indicate that the Higgs mars probably cannot be larger than about BOO GeV, at 
that point, the Higgs sector is highly nonlinear and saturated [S]. 

The top quark is the partner of the bottom quark, in a we& left isospin doublet, where Ii(b) = 
-l/2 and I:(t) = +1/2. The existence of the top is unavoidable for symmetry reasons: the bottom 
isospin hlu now been meanred [7], and its doublet companion is required for renomdisabiity and 
anomdy cancellation. The top quark is too heavy to be produced aa yet, but, as we sea later, its 
virtual radiative effects can be used to limit its mau to Ins than about 200 GeV.’ The maua 
of ordinary fcrmions are proportiond to the Higgs vacuum expectation o, through their Yukawa 
coupling to the Higgs sector. The top must have II large Yukawa coupling. Thus the properties of 
the top, capecidly its decay modn and partial widtha, may provide non-trivial information about 
the Bigga sector [S]. 

2. RADIATIVE CORRECTIONS TO GAUGE INTERACTIONS [l] 

The general precision of electroweak data is now at the level of a few tenths of a percent. At such 
detail, meaningful comparisons between theory and experiment require the inclusion of radiative 

‘The CDF and D0 collaborations at the Fermilab Tevatron report an officid production lower 
bound of 91 GcV [g] for the top quart mau and a current unofficial lower limit of 108 GeV (March 
1993). 
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eo~re&x,s, axially only through one loop. The radiative corrections to electmweak gauge exchange 
fdl into two broad classes [lo, 111. 

The first clru cc&aim the corrections that have the same Lorents and gauge symmetry prop 
ertia u the tree or Born-level intusctions. They have been variously edled oblique, .nive~I, or 
Bon4b.s. Such corrections contain ultraviolet divergences, but, because they reproduce the same 
form u the tree-level interactions, they simply renormdise the tree-level parameters in a momentum- 
dependent way, and the associated divergenes M absorbed into the redeiinition of parameters. 
Fdlowing the syntem of Kennedy and Lynn, I denote the effective running or momentum-dependent 
panmctem with a a subscript: e:(q’) replaces e’, #t(q’) replaces sin’&, Gp,(qI) replaces Gp, 
and p.(q’) rcplaca p, with q’ the invariant square-momentum transfer of the given process. (Even 
ifp E 1 at tree level, p.(q’) is not unity in generd; see below.) The universal corrections contain 
dl the gmge boson self-energy corrections, plur selected P&J of the vertex and box comxtionr 
nsusuy to maintain gauge invariance in a non-Abelian theory. Gauge invariance also guarantees 
that the Born-like correctiona UC truly u&end, M outlined by Degraui and Sirlin (121, even in 
non-fmniotdc processes. Such correctiona should be thought of as intrinsic properties of the gauge 
bmru, independent of the identitia of the extemd par&la. 

The second class UC the remaining vertex, box, and brcmsstrablung (radiation) eoncctionr that 
do not reprodoce the Lorentr and gauge symmetry properties of the trea-level interactioru. These 
go under the names of direct, non-unicterd, or non-EomZ& con&ions. Because they cannot 
renormdise a tree-level parameter, they are necessarily finite. They also depend on the lpecific 
quantum numbers (mass, spin, charge, &spin) of the uternd particles. 

With one exception in section 5, I connntrate uclusively OII the universd corrections. Because 
they are the lams in all gauge interretionm, WC an pool together the data from many different 
pr- to test this sector of the eleetmweak theory, taking into account only the momentum 
transfer of each procew. The universal corrections come in two types. The first type con&a of 
corrections that renormdiac the gauge coupling et(q’) and l f(q’). Thus are just gcnemlinations 
of the photon v~.uum polarization in quantum electrodynamics. In particular, they respect the 
dwnpling thmrem of Appdqaid, Cammne, and &hem [13]: at 10~ ~IIC+S, )$I a havy III- 
squarea M’, the effect of heavy particlea in the loops decouples as O(q’/M’) or taster. In section 3, 
I represent the running gauge eouplinga in the more conventional i83 scheme, which is convenient 
because it absorbs the leading (logarithmic) momentum dependence of the full running functions 
c:(q’) and si(q’). The second type of universal corrections renondire the running symmeby- 
breaking parameters Gp,(q’) and p.(q’). The decoupling theorem does not apply to a broken gauge 
theory; the non-decoupling effects of heavy virtud particles appear in this second type of correction. 
Such effects generally vary with quadratically, logarithmically, or aa constants with the heavy particle 
mMsu [14, 15, 16, 10, 111.’ 

These non-decoupled loop effects can place constraints on physics heavier than the Z boson, 
if we make a few broad assumptions. The re(uon that the gauge symmetry must be broken is that 
the non-decoupled effects arise in the longitudinal gauge degree of freedom, which are Goldstone 
baona in disguise. For example, the gauge boaon self-energy in an unbroken theory is proportional 
to q’ and thus vanisha at q2 = 0, corresponding to rem mesa for the gauge bosom In a broken 
theory, the self-energy does not vanish at q’ = 0, nor does it need to, since the gauge mbu L already 
non-sero to begin with. Such components of the self-energy, in effect, rcnormali~e the longitndind 
gauge modes = Goldstona and the gauge massa. They are redly Goldstone scdar #elf-energies. 

‘The odgind elcctroweak renormdiration scheme in common use WM the on-rhell acheme, intro- 
dueed by Slrlin and Marciano in 1980 (171, with the mixing dd 8~ E I- M&/M; to alI orden of 
perturbation theory. While this scheme is convenient for low-energ 
to nae when podin together procasu of widely differing energies, 

processes, it is quite difficult 

coupling and IIOIL- cf 
g ccause it mixes running gauge 

ecoupled heavy physica corrections together in a sin 
defining it in terms of the gauge bosom masses. Consequently, Sirlin intro .f 

e parame&r, ha&, by 
uced the MS scheme into 

electmweak radiative correctiolu in 1989 [la], 
coupling fPnction8. 

where it dovetails nicely with the universal . gauge 
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Thus, to see non-decoupled effects in a gauge theory, the gauge symmetry must be broken, so that 
the gauge bocolu can mix with the Coldstones; and the heavy partidea in the loopa must acquire 
the& massea from the wne Higgs sector that breaks the gauge symmetry. 

But there ia a third requirement. When the gauge boson m- are renonmdiaed, the non- 
deco,,pled effects can still be cane&d by a subtraction and be absorbed into an slbitrary p-eta. 
The only rsy to prevent this without Ant-tuning these parameters is to have an approximately good 
globd sy-etq that hoI& at tree level but in violated by loop et&eta. Then obmved deviation 
from the exact aymmetcy can be attributed to loop effectn and separated out [19]. For the dcctrowak 
theory, the rdevant global symmetry was discovered by Veltmaa [14], Appelqnist and Bernard, 
Longkitano, and othen [ZO], and oec~ln in the Eiggu/Goldstone a&or, the global weak chiml group 
SU(2)l x SU(2)n x U(~)B-l, left times right tima baryon mimu lepton number. Tti group is 
generation-independent. The subgroup SU(Z)L x [1(l) y, whew the hypercharge Y/2 = If + (B - 
Q/Z, is the gauge group; the deetric charge ia the unbroken, parity-conserving Q = Ik + Y/2 = 
I: + I.” + (E -Q/f. By separating out the non-decoupled effect8 in gauge interactions, we nneover 
sane picture of the underlying Eigga mtor through the longitudinal gauge modes. 

A rdl-known example of a non-deconpled radiative effect made pomible by the breaking of 
a globa symmetry h the appearance of flavor-chsnging neutd ennmt# (FCNCs) in the Stan&d 
Modd [21]. The rdevant group in the Glarhow-Ilioponla-Maiani (GIM) family symmetry, which 
rotates all the up-type quarka (u,c,t) into one mother; and similarly alI the down-type quarks 
(d, ,, b). The electrowe& gauge sector leap&a this symmetry, which forbids flavor-changing neutral 
currents. However, the Higga sector clearly breaka the symmetry, dnce the ap and chum quark 
III- ue diKerent, and so on. Thou at loop level, it becoma pouible to have &wx-chauging 
neutral currenta, depending on the mau differencea among the up-type and down-type quacks, 
raps&rely. The global GIM symmetry forbida this effect at tree level, rbile at loop levd h unable 
to prevent it, but neverthelew keeps the flavor-changing neutral current loop Snite. 

We know little about the Eiggm a&or, except that the electroweak gauge mymmetry mrut be 
broken by something that leaves the Lorentn and electric charge mymmetria intact. We do know 
one more important fact. (I briefly revert to tredevd notation.) The Z boson ia a mixture of 
two unphynicai neutral states, the neutral gauge moda Wo of SU(2)1 and B of U(l)y. That in, 
Z = coseK - IV’ + sin&v * B. Now, MW = pdfr eos&, and p is very CIOK to unity, implying 
that df,. z i&r+. As noted by V&man 1141, the only natural ra, for this to hold is if the vector 
subgroup SU(2)v of sum x SU(2)a rem&a unbroken, where Iv = 1‘ + In. The ovetsll weak 
cbiml group must be broken to accomodate the Higga vannun expectation v&e, but the vector 
or cwtodiul subgroup need not be. The easiest way to guarantee this requirement, in turn, ia for 
dl the Higga scalea to be weak doubleta. Thu, an alternative and more general d&&ion of the 
MVSM is that the wea& custodial mabynwp be nnbroken by the oac~um at tree lenel. In this case, 
the tight deviation of the memmd P from unity is attributed to custodial-breaking loop effects. 
The EVSM cw, then, assumts that the cwtodial l bynwp ti &o broken at tree kvel, allowing for 
an arbitrary p parameter. The deviation of p from unity is one potible non-decoupled loop effect. 
Since the W and Z bosom have non-se10 m-, they can have non-trivial on-shell rawfunction 
renormaliartiona, making possible two other non-decoupled effects. In all, the MVSM cane thus 
hm three distinct generic parameters for non-decoupled loop effects. In the EVSM case, one of 
these loop effects disappe~ and reappears aa the treclevel p parameter, whose v&e is o primi 
arbitrary [ll, 19). 

The functional information concerning all possible non-decoupled univenal radiative corrections 
is contained in the three finite combinations of gauge self-cnergin dedved by Kennedy and Lynn (111, 
generaliring the earlier work of Lynn, Peskin, and Stuart [lo]: 

A.&I’) = Wg’) - &&‘), 
A,(q’) = E,,(O) + II.q(q’) - &s(q2), 

Adz’) = h(O) + h&‘) - &:(q’), (1) 
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when the subscripts refer to left &spin (3, f, -) and charge (4) currents. For theoretied convc 
nience and experimental xasons, it proves useful to introduce equivalent dimensionless parameters, 
such M those proposed by Pcskin and T&u&i [22, 191: 

aT = 4diGpAP(0), 

S = -16xA.(M;)/df;, 

S + U = -lSrA&f&)/M&, (2) 

with an indefinite number of equivalents [23]. The specific momentum points rue chosen because of 
the theoretical and experimental simplillcations that occur at the gauge boson poles and in the low- 
energy weak neutral current, although the parameters could also be expressed as derivativea of self- 
energies or aa coefficients of a momentum expansion. The parameter T simply givea the deviation of 
p from unity, while S and S+U arc the Z and W wavefunction renormalirations, respectively. Their 
symmetry prop&k undo the global gronp are straightforward [IS]. The overtd.l SU(2)1 x SU(2)n 
symmetry is broken by the static Higga vacmun at q’ = 0 (and fixed by the value of Gr), but 
thir leaves open dynamical or q’-dependent effects that can break the ovemll global groop in loops; 
thk effect is measured by the parameter S. In the MVSM case, the custodial subgroup SU(2)v L 
unbroken at tree level; at the loop hvel, static and dynamical dfecta brealring SU(2)v are pokble, 
given by T and U, respectively. In the EVSM ease (if we assume Eigga non-doubletr), T disappeara 
into the treclevel p, according to the prescription: (1 -UT)-’ - p. 

The T parameter effects have been ibmilia, for some time, as p effects. Thus, the topbottom 
man splitting (which breaks the SU(2)v aymmetzy) contributea to T M: 

UT” 3Grn4/:lehr’, 

for large top maas, while the massive Higga contributea as: 

(3) 

PT 2 -(SGs(Mi - M&)/8~~‘)In(&/M~), (4) 

depending on the custodial-breaking Z - W splitting [14]. The S and U effects, on the other hand, 
have not been widely recognized until recently, because they require Z and W pole measurements 
[23]. The leading dependencea on the top and Higgs massea are: 

s = -(l/a~)In(m:/M:) + (1/12r)In(m~/M;), 

u z +(1/23ln(m:/M;), (5) 

where, for alI three parameters, I take m, = ma = Mz M my reference point for the minimal 
Standard Model. 

3. PRECISION ELECTROWEAK MEASUREMENTS’ 

It is possible to develop the above theoretical structure and compute heavy physics contributions 
to decboweak radiative corrections without any experimental input. But to carry out precision 
tests of dectroweak gauge interactions requires precision data. Since the early 1980’s, such data 
have accumulated to test the electroweak theory at the radiative level. The pre-1988 data include 
neutdnoaudeus and neutrin~eleetron scattering, electron-positron annihilation below the Z pole, 
and polar&d charged lepton-nucleus scattering. (This data collection was summarized by Amddi 
el al. (241.) Since the beginning of 1988, new categorica of data have appeared: the Z meas, width, 
snd Mymmetry me=u-md *f LEP (CERN) and SLC (SLAC); the W mass measurements of 
CDF (Tevatron/Fermilab) and WA2 (SppS/ CERN); and the atomic parity violation measurement 

‘The data and fits shown here arc current through September 1992. 
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in cesiom at NIST/U. of Colorado (Boulder) [25]. At th c same time, better neutdno scattering 
data have appeared from CHARM-II (CEBN) and CCFR (Fen&b). ThcK arc alI &,ru-fermion 
p~ocessa, and we assume, with an exception in section 5, only universd radiative corrections, so that 
all these data can be combined into a single fit. Table 1 lists the common pool ofavailable dectmncak 
gauge interaction data. The complete minim al Standard Model corrections (brermstrahbmg where 
necessary, vertices, and boxes) are also included. 

Data I rcuc-- 
PrclQNl (u.01~ N 

D--ycg 

\- , - ,-. c ~CFRB. E 

IU 
mg =Cd” Cob 

pp-+W 
e+c- -t z 

CDF ( 
I 

“B asymm, . . 

,- Urn 
11 

-I’ uymrllt SLC (SLAC) 

Table 1. Electrowe& gauge data from four-fermion proccsaa (September 1992). t PrcliminarJ. 

Then are five basic observable, that these data measure (231. The first two am the weak gauge 
boson m-a. Let Mao and Afwo be these masses ifthere were no heavy physics. Then the actual 
maua are: 

Af; = M& 
1 - 4&GpM&,S/lGz 

JG = M& 
1 - 4&zf&,(S + U)/lBr 

The next two am the weak gauge boson widths, evaluated at their respective poles and renormalised 
by their respective pole residues: 

ra = G~itf;Ya/(l -aT), 

rw = Gdf&w, (‘1 

where 7~ is the canonical function of a:(Z) without any explicit heavy physics. Finally, we have the 
low-energy matrix element for the weak neutral current exchange between fermion lines of isospin 
and charge 1;, Q and Ii’, Q’, respectively: 

M"C((12 - 0) = z ['i. - @IQ] pi ' - &)Q'], (8) 
where the reciprocal factor of 1 - UT is the familiar p parameter. Let us pause to note some 
interesting points. The low-energy neutral-current exchange (8) depends universally on at(O) and 
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T only. Hence, low-energy measnrements alone tell us about the p parameter, but no other heavy 
phyliu. Furthermore, T appears in neutral-current pmcessa only. The relation between s:(O) 
and the canonical s:(Z) is a gauge coupling running and thus does not depend on heavy physics. 
However, if we then express r:(Z) in terms of Mz, thin relation, because it explicitly bringa in 
electroweak symmetry breaking, doer depend on heavy physiu. With Mz used M an input, al(Z) 
ir no longer a free parameter, but is determined by Mz, S, and T, and is in fact overdetermined 
by the data, a feature that gives some check OIL the se&consistency of the SU(2)‘ x U(l),, gauge 
structure. ALO, note that the parameter U appears only in the W mau. The low-energy neutral- 
cune.nt interaction in atomic parity violation har a unique feature. The underlying dectmwmk 
quantity measured in the ~called weak chon~e of the nucleus, obtained from the electron axial- 
vector coupling tima the nuder vector coupling and depending on r:(O). If r?(O) is re-expressed 
in km of a:(Z) and in turn in terma of MS, S, and T, then Mnc(0) contains new, implicit 
dependence on S and T, besidea the explicit p factor. In heavy hydrogenic atoms such aa cesium, 
where the proton/neutron ratio ia about 2/J (because of Coulomb rep&ion in the nucleus) and with 
a:(O) u l/4, the T dependence in the overall parity-violating interaction between the noclena and 
the single valence electron cancels almost exactly. The curium uperimenta an thus ~ruitive to S, 
but not T [23]. The now-standard precisely-known trerlevel inputs are: Ma, determined from the 
peak of the Z resonance; Gp, determined from muon beta decay; and a, determined from low-energy 
electrodynamiu. 

The taults for the weak miring (in the MS scheme) and the non-decoupled parametera are (261: 

sin’ &(M~) = 0.2313 f 0.0010, 

S = -0.19 f 0.5, T = -0.2 f 0.4, 

u = +0.2 f 0.9, (9) 

in the MVSM case. The 90 (95)% C.L. upper bounda on these quantities are: S < -0.1 (O.O), 
T < 0.4 (Oki), and U < 1.4 (1.7). The Z mass in Ma = 91.167 f 0.007 GeV, while the muon beta 
decay Fermi constant is G, = (1.16637f 0.00002) x lo-‘GeV-‘. The value of ef(Z) is assumed, 
cdcdated from the low-energy CI with V~CIIIIIII polarization applied, including the hadronic compc- 
nent computed via dispersion relation from the efe- - ha&cm data: l/b(M;) = 127.6 f 0.1, 
with hadronic uncertainty 1161. If we substitute in the explicit dcpendenca of the theory on the top 
quark and Higgs boson maua, we obtain a minimal Standard Model fir: 

sin’ &(Mi) = 0.2325 f 0.0007, 

m, < 193 (201) GeV, 90 (95)% C.L. 

= 158 f 27 GeV, (10) 

including the O(PP,) onrgluon exchange correction to the parameter T [27]. The Higga mass 
dependence, which is only logarithmic, ir 80 weak that no useful limits on mu can be inferred. The 
uncertainties in the top quark mau and in the weak mixing include allowing the Higgs masa to range 
from SO to 1000 GeV. Figure 1 shown the (S, T) plane with the 90% CL. limit region shaded (with 
U set to sero by hand to reduce the fit to two dimensiona). The calibrated curve in the upper half of 
the plane &es the Standard Model dependence on the top quark mca.s. Note in particular that the 
accnraciea of the Z width and asymmetry measurements are now so good that they exert the most 
control on the final result of the fit; the atomic parity violation measurement, which is sensitive to S 
alone, has such a large uncertainty that it barely affects the outcome. Figure 2 shows the top quark 
mass 90% C.L. limit alone from vmioua data constraints. Note that the at&gent limit on the top 
quark mass arisea from the explicit appearance of T in the fit; in turn, this requires the minimal 
vacuum assumption, so that p = 1 at tree level. Note also, a.~ we should expect, that atomic parity 
violation, lacking any T dependence, does not contribute to the top quark mass bound. 

It in also possible to use the precise value of sin’& to test modela of grand unification (26, 291, 
since grand uniRed theories (GUTn) predict its value, rather than take it M m arbitrary input. 
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Figure 1. Combined elntmreak data fit for (S, 2’) with I3 s 0. 90% C.L. region ia ahded (25,261. 
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Figure 2. Combined electroweak data fit constraining top quark mass m, (in GeV) in the 
minimal Standard Model, mu = 250 GeV [28, 24. 



o- 

: a 
z 

“9 - 
3 3 

oa 
& El 

.o - .Y 
? a” 

D 
9 

1~ - i” 
n 2 

-I, I I I I I I I 
001 00 OS OL OS t’, 0. oc oz (II 0 001 00 01 0‘ PO 90 01 oc 01 01 

I. t-u 

:: 

2 

3 

f 

39 
5; 
.4 

. 

l 

N 

0 

Fignm 9. Running of three Standard Model gauge couplings to nniiiestion: (a) minimd Standard 
Modd embedded in minima SU(S) GUT, (a) minimal mpenymmctrie Standard Modd embedded 

in snpermnmetric SU(5) GUT 128, 291. 

Figure 3 ahorm the running together of the three satage coupling, SU(3)o, SU(2)1, and U(l)y, 
undu twos.h of ammptio~. The opper graph amma no DC” stata beyond the minimalStandard 
Modd until the unification lede Mx, the no-called “Great Da&” menario; the Standad Modd then 
unitia into the minimd SU(5) GUT at Mx. But tbia model fait to unify the three coup&a at the 
sama scale. (It Is dso dready known to give too short a proton lifetime.) On the other hand, (u we 
sea in the lower graph, if we add to the minimal Standard Model its complement of ruperaymmetric 
partners at some xde between 100 and 1000 GeV, the unification of the three couplinga proceeda 
without difflcdty. (Tbia includa uncutdatia due to thrcahold cffccts and non-mmmdissble 
opuston.) The mifieation scds, MX z 2 x 10 ” GeV is consistent with current bouadn on the 
proton lifetime, although acme of the proton decay mbdes predicted by supersymmetric SU(5) 
should be visible in the nut generation of detectors (Sl). If we turn grand unification around and 
u,wne a group to dart with, then the dectroweah couplings dons, e:(Z) and a:(Z), art l f%ient 
to determin e the onilication wale and predict, rather than take as input, (L value of the ntmng 
SU(S)c coupling. This approach haa the nice feature of avoiding strong intuaction uncertaintia in 
the GUT inputa [SO]. The strong wmpling at the Z pole now standa at &J&f;) = 0.12 f 0.01, with 
a conservative uncertainty, inferred from a combination of Z h&tic decay branching ratios and 
Z + jeta event topologia. 

4. IMPLICATIONS FOR HEAVY PHYSICS 

If the MVSM asmunption ia correct (me section S), the top quark mau limit ia good nem for the 
Tentron, since top ia very Iikdy to be visible at the CDF and DB deteeton [9, 321. (Ifthe top quark 
is not mn below 200 GeV, then the wuxuun L probably extended.) More generally, the ticact that T 
is clwe to rem implies that, unleu re appeal to special urncdlatioru. the cnrtodid &pin-breaking 
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correctiona are small, with masn splittings about the same ea the limit on the top quark mass 
The limit on S is more interesting, ina.smucb (u most concdvsble kinda of non-Standard physics 
contribute positively to S, while the favored range for S is negative. A degenerate Dirac fermion 
left isodoublet, for -pie, contributea +1/6r to S, so that a full degenerate fourth generation 
would contribute +4/6x = +0.21 [ll, 191. If we saturate the S bound with nothing else, even one 
degenerate ner generstion is ruled out at two standard deviation. Negative vduca of S are posaibie 
with heavy Majorana neutrinos [33] and certain nealax mllu hierarchies [34]. 

The major xiv& for non-Standard physiu UC technic&r [36] (dynamical electmweak symmc 
try breaking) and ntlpenymmetry [S6], both introduced prim&ly to enre the radiative in~t&iUtie.a 
of the Eigga sector (the gauge hierarchy problem). Techniccdor curea the instdditk by replacing 
elementary sedan with compcaita of technifermionr bound by 8 new atmng force. Superaymme- 
try ret&a elementary sedan, but rdata them through snpenymmetry to fcrmionic m~perpartnen 
(Higgsinm) whose ma.vsa are protected from radiative instabilities by cbird symmetry. The main 
bound on teehnicolor theoda derives from S, aa this mm, to be computable, in mme appco& 
tion, in convmtiond teehnicolor the&u. By conventional, I mean strong sectors with vectodike, 
unbmken, and confining gauge groupa. Thin category includes both uded-up QCD-Iike theories 
and the walking technic&r (WTC) theories [37], whose mming coupling are nearly constant to 
very high energies (60-100 TeV). The contributiona to S in the QCD-like theorim arise from three 
sourea: recta (technirho) m.ao~~ancea, arid-vector (tech&Al) ~cao~~anccs, and pendoGol&tone 
bcaann (technipiolu), with the first contribution being the main one. The last set waa calculated 
by Golden and Randall [XI], while the full calculation waa done by P.&in and Taken&i (221, in the 
large-N SU(NTC) limit, using the known aurn rule proportia of QCD (u an analog computer for 
NT= = 3: 

s z (O.lO)NTCNTD + O.lS, 

where NTC ia the number of technicolon, NT~ the number of technifermion clectroweak doublets, 
and the tind term reflects taking the effective Higga mau to a TeV. This result should be compared 
with the naive fermion loop result, NTCNTD/BS = (0.06)N TC N TD. Clearly, the QCD-like theoriia 
are disfavored by the electmweak gauge measurements. But these thcodcs were already known to 
produce problema with flavor-changing neutral currents which WTC was introduced to cure. The 
parameter S is harder to compute in these theories, beau- not much in known about theiz spectra 
and they lack the andogy to QCD. Nonethdws, a number of workers have attempted to estimate 
S and have arrived at similar answers [39]. The edcvlation of Appelquist and Trianbphyllou, via 
Schwinger-Dyson equations for the technicondenaates and technifermion masses, yields: 

S = (0.12)N~cN~~(l- NT,,/~) + 0.13, (12) 

for NTD 5 6, not very different from the QCD-like result. The elegant calculation of Sundrom 
and Hsu makes use of the operator product expansion and leas restrictive assumptiona about the 
spectrum; they obtain: 

S Y (O.lla- 0.076)N~cN~a + 0.13, (13) 

when LI, b are unknown constanta of order unity. Again, the result ia not very different from the 
QCD-like case. The conventional tcchnicolor thcoriu probably always yield positive contributiona 
to S, at least from the resonances, because the resonant part of S varies as the difference of the arid- 
vector and vector resonance rn-squares; the former seems to be always larger than the latter by 
general properties of symmetry-breaking. It thus seems resronable to conclude that the conventional 
technicolor modela are disfavored by the dectroweak data. 

But the these models are not the only potibility for dynamical ,ymmetry breaking. Apart from 
searching for the&M with the right masa hierarchies of pseudoGoldston+ scalan [34, 401, one can 
drop the assumption that the technicolor force is unbroken and em&&g, or ia vector-like, or aeb 
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only on the exotic technifermions. Recent works [41] have introduced technic&r sectors that couple 
to part or dl of the third generation of ordinary ferndons (I+, r, i, 6). This idea is appealing because it 
naturally explains why the top quark mass in so large compared to the m- of the other termions. 
Another pouibility, which can be combined with “topcolor”, is that the technidor gauge symmetry 
ia broken, m that it bin& but does not confme and producea scalaz but not vector #tata [42]. The 
low-energy interactions among technifermions would be via Fermi-like four-fermion conplin@. One 
wey for technic&r to be broken is for the technifezmion content to be chird, rather than vector- 
like, so that the gauge symmetry breaks itself. Any combination of these idcsl may be cap&la of 
producing a minimd tecbnicolor theory that ir compact and natural, with amdl contributiona to S. 

One of the many virtues of rupenymmetry (STJSY) is that it kaa a minimal, standard version, 
the r~callcd minimd aupergravity (SUGRA) model (361. The supersymmetry must be broken, 
of cone, so that particlea md theiz respective snperpartnen do not have the name masse. In 
the minimal case, this in accomplished by soft brealring krnu of dimtion three that endow the 
du quacks and leptom (squeaka and slepton.) with a large common mea (the gravitino maw) 
that split* them from the fermions, and the gauge fermionr (ganginoa: winor, rinos, photina, and 
glninca) with their own large Majorana manes. The superpartnu m- also receive contributiona 
from dcctmweak aymmstry breaking, just like the ordinary particles. Because the breaking of 
aupemymmetry and the breaking of the electrowe& symmetry have nothing to do with each other 
(at least directly), the aupersymmetry-breaking contributions to the nuperpartner m- must be 
SU(2)b x U(l)&oariant. That being the ease, if the mperpartner maua are larger than those of 
the ordinary particles, they muat be dominated by the supersymmetry-breaking but gauge-inwuiemt 
contzibutio~; therefore, in the limit of heavy superpartners, Lhe mdiatkc l fleck of rnpcrqmmetry in 
S, ‘l’, [I natumily dempk. Thus oopemymmetry is consistent with the electrowe& data in a negative 
way, merdy by the absence of large deviationa of the S, Z’, U tom sem. (The negative value for S 
still posa n pus&, but is consistent with sero at two standard deviations.) In Table 2, I show a 
supuaymmetry-vemu~h~coior checklid, with the current wore distinctly, but not decisively, in 
favor of supersymmetry. Readen intaakd in the rupenymmetlic loop contributiolu to the S,T, U 
shodd consnIt the work of Lynn, and Bluhieri et al. (431. The minimal supemymmetrie Standard 
Modd must have two Higga doublets, with one light neutral Higgs of mau lew than about 160 
GcV (441; the precision fit then yield8 for the top quark mm: m, = 145 f 24 GeV (261. 

1 Superqnametry / Technicolor 
Themvtical Principiee 1 I 
Gaune hierarchv I ./ / 1 ig: th-y- I] 
D-,I-.A.- I 

I 

New stata I nothing yet 1 nothing yet 

Table 2. A comparative scorecard: supersymmetry versus technic&x. 

The technicolo~versur~upemymmetry rivdry may be understood M a competition between 
two different paradigms for the find state of elementary particle physics, the *bang” verstu the 
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“whimper” [45]. In the “whimper” scenario, many OI all elementary particles are composite, and 
the ccmstituenk thcmselvea are perhaps in turn comp&tes...dephantr all the way down. The 
binding 01 confmement of the eonntituents is essentially non-perturbative. Accelcmton may be 
likened to onion-peelers in world where no onion layer ia the And one. From a theoretical point of 
view, thin scenario (which ia reminiscent of the strong-interaction “bootstrap” of the 1960’s (461) in 
problematic, becan= it is impossible to specify the degreea of freedom, the laws of motion, and the 
fundamentd con&ants of the theory in dosed form. Whether or not the theory ia sdf-inconnktent 
or tankdogicd becomes impossible to decide. The “bang” scenario posita that them ue a Ibite 
number of irreducible degreea of freedom, #p&tied most naturally in term of symmetry gmqm, a 
finite nlunba of elementary constanti, and lawa of motion with a closed form. Supenymmetry fits 
nicely into thin picture, aa it automatically includes gravity (when the aupenymmetry ia ganged), 
leada mtndly to supemtrings (the only candidate so fen for a eotitent theory of everything), 
is eeay to combine with grand unification, and leada to quasi-pertnrbative rcnormdisstion group 
structurea for the gauge couplings [29] and fermion m- and mixinga (471, an approach mcceafnl 
so far. 

The fact that the S, T, U are dose to, and cotitent with, sen, meana that, whatever non- 
Standard physia lies beyond the Z, it must latisfy at least one of three generd scenarioa. The Arst 
is that the new physiu ia minimal to non-eziatent; for example, if the Higgs sector consinta only of 
deeply bound top quark pain. The Keond ia that the new physics respects the SU(2), x U(l)y gauge 
symmetry, with supersymmetry aa L natnrd example. The third is that the new phydu respecta 
the larger global SU(~)L x SU(2)n weak third symmetry (apart from the rtatic Higga vacuum), 
ensuring automatic decoupling. Implementing thk symmetry naturally may be the only way to 
save technic&r. And non-Standard phynia must also satisfy the constraints imposed by limit1 on 
flavor-changing neutzd currents [21] and the requirement that the Higga sector be radistively rtable. 

5. FINAL THOUGHTS AND FUTURE PROSPECTS 

To~aummarire: The prnence of non-decoupled radiative effects from heavy stata with weak isospin 
is made possible in the Standard Model by the breaking of global and gauge symmetries and can 
be andysal in a simple, general way through the symmetry properties of clectroweak currents. The 
curxent data, all from four-fermion experiments, are now good enough to place highly non-trivial 
constraints on new physics beyond the Z : either there is little or no new physics, or the new phydu 
ia rdrickd by global and/or gauge symmetrics.s 

Four-fermion experiments remain that can improve our knowledge of the universal corrections. 
In particular, the W mau mearurememt at the Tevatron [49] and LEPZOO [KO], the polarised ekctmn 
beam Z asymmetry at the SLC [Sl], a new atomic parity violation experiment [62], and more 
pxcise low-energy neutdno scattering mcamwements [53] .eem the most promining ueu for the 
find refinement of dcetroweak gauge boson properties, reducing the uncertainties of Figure 1. The 
current precision of data makea radical change in the meamxed S, T, U unlikely at thin time. The 
meslurement of the top quark mass, abile not by itself changing the uncertainties in the precision 
&&owe& measurements, will rhift the origin of the S, T, U space and allow a clean test of the 
minimal Standmud Model. 

Particle physica antii now has been a world of four-fen&n interactions, mediated by gauge 
boson exchanges M the manifestations of elementary fields of force. The current generation of bigh- 
energy collidera - LEP (CERN), SLC (SLAC), Tevatron (Fermilab), and HEFtA (DESY) - will 
close out the era of high-energy four-fern&n processa with precision electroweak measurements and 

“A caveati, It is possible to add new gan 
he andyned 1x1 a framework move general f t 

e interactions, arch (u an extra a. This possibility must 
an the one presented here, with additiond 

because not all of the effects of IICW gauge bosoIu at low energies can be absorbed into t r-cterr7 e nruversd 
SU(I)L x U(l),. parameten S.T,U. The lower rna~ boon& on a’% and w”. arc ,,ow qnitc strong (461. 
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probably the discovery of the top quark. The nut gcnention of r.oUidem - LEPZOO (CEB.N) [60], 
LHC (CERN) [64], SSC (SS], md ptibly . new e+e- machine [Se] - will open a new em devokd 
to the study of the Higga wetor and the non-Abelian electroreak gauge interactions. Them new aw 
china will glvc nn - to interaction, ne.cr directly hdkd before: non-Abel&, elf-interaction. 
of the W and 2 gauge bono-, inturctiom of the Rigg aectox with itself and with tbe gnw and 
fen&n aecton. and tbadixe inaight into the origin of mu [Sq. 

Sinea the longitdid 8m.g boaon moda M really Goldstone moda, the study of their df- 
intemdionm will already give IIS a window into the Eiglp df-intcmctiom (Figure 4). The mdiative 
comxtio~~ to these couplings give nn . new clav of direct or non-Born-like correction md tbru par 
ribly new e6xts arising from non-Standard ~cetora. The nnirenai wnreetionn to gang’ exchange M 
already known from four-fen&n meunmnents, u presented abora. One four-fermion proma, the 
production of a6 (bottom) pain kom the decay of the Z, contti a ape&l non-universal correction 
from the p-ce of virtual top quark ataka (Figure 6). The relevant gauge moda io the vertica 
are longitudinal = disguised Goldstones again. This special eftect allowa as to use the Z + a6 data 
to place a p or T-independent bound on the top quark maw: VI, < 320 (350) GeV at 80 (Qli)% C.L, 
with an independent v&e of p = ,I.007 f 0.011 [ZS]. The custodial SU(2)v global aubgronp seems 
de. 

Although the SU(Z)L x Il(l)y gauge symmetry and the .SU(2)1 x SU(Z)R global symmetry 
have been established as valid at low enugia to a few tentha of a percent, important questiona 
about the electroweak intemctiom remain. The most crucial of these questioru concern the nature 
of the Higga metor - what it is, where it cornea from, and why the electrowee+ gm(* symmetry 
br& at a lcaIe 10 mocb rmdlu than the grand unification and Planck scales. Related questiona 
include: Why do the fermionr have the masses and mixings that they do? Why h the top quark 
mau K) much larger than the otbu fermion masaa? Why is the SV(Z), x SU(Z)R global symmetry 
such a good symmetry and where dom it eomc from ? Are there my extended gauge gotqm, new 
weak gauge bosonn at maven higher than the W and Z? The precision measurement of electrowd 
gamp interactiool, like the study of flavor-changing neutral currenta and CP violation, has placed 
stringent limits on what non-Standard physics may lie beyond the Z. But the discovery of that 
physia dl requires the production of the new stata and new accelerator. 
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